Introduction
============

Cellular Ca^2+^ dynamics are pivotal to cell survival and signal transduction. Upon cell stimulation, an increase in cytoplasmic \[Ca^2+^\] (Ca^2+^i) occurs by Ca^2+^ entry *via* various types of channels or Na^+^--Ca^2+^ exchangers (NCX), and by Ca^2+^ release from sarco/endoplasmic reticulum \[[@b1]\]. A decrease in Ca^2+^i to resting levels then follows. Most mammalian cells express sarco/endoplasmic reticulum Ca^2+^ pumps (SERCA) that sequester Ca^2+^ into the lumen of the sarco/endoplasmic reticulum. NCX may also expel cytosolic Ca^2+^ but with a lower affinity. The plasma membrane (PM) contains Ca^2+^ pumps (PMCA) that extrude Ca^2+^ from cells with high affinity. The three systems are expressed at different levels in various tissues and are also regulated by diverse mechanisms.

Defects in PMCA have been associated with various diseases \[[@b5]\]. PMCA are encoded by four genes (PMCA1--4), whose transcripts may be spliced alternatively to produce proteins that differ in their regulation by calmodulin and protein kinases \[[@b9]\]. PMCA4 and PMCA1 are expressed in more cell types than are PMCA2 and 3. Various tissues may express the four genes at different levels, *e.g.* human erythrocyte ghosts express mostly PMCA4, coronary artery endothelium expresses mostly PMCA1 and coronary artery smooth muscle expresses both PMCA4 and PMCA1 \[[@b9]\]. PMCA4 is the predominant isoform expressed in all layers of corneal epithelium, except along the basal cell membranes adjacent to the stroma \[[@b25]\]. PMCA iso-form distribution changes during development in the CA1 region of hippocampus and it may also alter in disease \[[@b28]\].

Various functions have been attributed to PMCA in different studies. In one strain of transgenic mice, the loss of PMCA4 led to impairment of phasic contractions and caused apoptosis in the portal vein smooth muscle *in vitro* and changes in contractility of bladder smooth muscle \[[@b7]\]. Contrary to initial expectations, mice overexpressing PMCA4b under the control of a smooth muscle actin promoter show enhanced contractility \[[@b35]\]. It was suggested that PMCA4b is colocalized with the neuronal NO synthase in the caveoli and an increase in PMCA activity decreases NO production, thereby enhancing contractility. An anchoring role has also been proposed for PMCA4 \[[@b37]\]. PMCA in large part was colocalized in caveolae in cardiac myocytes of transgenic mice overexpressing PMCA4 \[[@b38]\]. Others have reported PMCA to be present in caveolae but did not indicate which isoform \[[@b27]\]. In synaptosomes from pig cerebellum, PMCA4 was associated with cholesterol/sphingomyelinrich detergent insoluble membrane domains (rafts) but the other PMCA isoforms were in the detergent soluble fractions \[[@b27]\]. Changes in caveolar distribution may also alter the role of PMCA in disease process \[[@b25]\]. Thus, transgenic mice have proved somewhat useful in deciphering the roles of PMCA iso-forms but the animals appear to adapt. Hence, the exact roles of PMCA isoforms in cell function have not been delineated. An availability of PMCA4 selective inhibitors would aid in discerning the roles of PMCA isoforms.

We had previously obtained caloxin 1b1 by screening a random peptide phage display library using partial extracellular domain 1 as a synthetic target followed by affinity chromatography on immo bilised PMCA from human erythrocyte ghosts \[[@b42]\] Here, we report on optimized mutagenesis to create a phage display library of caloxin 1b1-like peptides and its screening to obtain a peptide selective for PMCA4 over PMCA1, 2 and 3.

Materials and methods
=====================

Membrane isolation
------------------

The protocols for the use of human blood and animal material were approved by the ethics committees of McMaster University. Leaky erythrocyte ghosts were prepared from human, pig and rabbit described previously \[[@b43]\]. In this procedure the leaky ghosts are washed thoroughly with EDTA ((ethylenedinitrilo(-tetraacetic acid) to remove any bound calmodulin, and then aliquots are stored at --80°C in a buffer containing in mM: 130 KCl, 20 HEPES, 0.5 MgCl~2~, 0.05 CaCl~2~ and 2 dithiothreitol at pH 7.4. Membrane fraction enriched in the PM was obtained from rabbit duodenal mucosa as described for other tissues \[[@b45]\]. This membrane is rich in PMCA1 and contains very little PMCA4 (unpublished results). Microsomes from SF9 insect cells infected with bacculoviral vectors expressing PMCA2 and PMCA3 were prepared by a previously published method \[[@b18]\].

Construction of phage display library of caloxin 1b1-like peptides
------------------------------------------------------------------

The caloxin 1b1 sequence is encoded by the bolded DNA sequence in the plus strand of the phage display vector M13 KE (New England Biolabs Burlington, Canada): CAT-GCCCGGGTACCTTTCTATTCTCACTCT**ACTGCTTG-GAGTGAGGTTTTGCATCTTTTGTCGAGG**GGTGGAG-GTTCGGCCGAAACATG. For random mutagenesis, only the bolded sequence was altered. We retained at each location 91% of the original base and to replace the remainder with 3% of each of the other three bases. This base composition was determined to be optimum to maximize the proportion of peptides with 1, 2 or 3 amino acid changes. The probability computations were carried out using a Macro written in Excel (Microsoft), which also considered codon degeneracy. We used the following oligonucleotide mixture synthesized by the W. M. Keck Foundation (New Haven, USA):

CATGTTTCGGCCGAACCTCCACC**77876575-5556586755557787578775567568**AGAGTGAGAATA-GAAAGGTACCCGGGCATG, where 5 = 91% A (and 3% each of the other three bases), 6 = 91% G, 7 = 91% C and 8 = 91% T. We used this mixture to construct a library in the M13 KE vector following instructions from the New England Biolabs. Library grade XL Blue II *E. coli* cells were transfected with the resulting library (Stratagene, La Jolla, USA). Phage of the specified individual clones was amplified and used to isolate plasmid DNA, which was sequenced at the MOBIX facility at McMaster University, using a reverse primer 96 bp downstream of the random library site (New England Biolabs).

Screening phage for binding to purified PMCA protein
----------------------------------------------------

A bed volume of 200-μl agarosecalmodulin resin (Sigma-Aldrich, USA) was packed into a column (BioRad, USA) and equilibrated with the wash buffer (0.4% Triton X-100, 0.05% phosphatidyl serine and phosphatidyl choline and the following in mM at pH 7.4: 130 KCl, 20 HEPES, 1 MgCl~2~, 2 dithiothreitol, 0.1 CaCl~2~). PMCA protein was solubilized from human erythrocyte ghosts, reconstituted with phospholipids, applied on this column, and unbound PMCA removed as described previously \[[@b42]\]. The caloxin 1b1-like phage library was diluted in the wash buffer and mixed with the bound PMCA on a rocker for 60 min. The unbound phage was removed as flow through in four additional washes each with 1.6 ml of wash buffer. PMCA and the bound phage were eluted using a Ca^2+^ free elution buffer, which contained 5 mM EGTA instead of 0.1 mM CaCl2. The eluted phage was acidified with glycine-HCl pH 2.4 on ice for 10 min to dissociate the phage from PMCA, neutralized with Tris-HCl pH 8.0 and then precipitated with polyethyl-eneglycol-NaCl. This phage was used in the next cycle of the affinity chromatography.

Biochemical assays
------------------

The peptides to be tested as inhibitors were synthesized, purified \>95% by HPLC and characterized by mass spectrometry by Dalton Pharma Services (Toronto, Canada). The Ca^2+^--Mg^2+^ ATPase assays were performed by monitoring the disappearance of NADH with fluorescence or absorbance at 37°C in a coupled enzyme assay described earlier \[[@b42]\]. Typically basal Mg^2+^ ATPase was first determined in a 135 μl solution containing 0.2--0.4 mg human erythrocyte ghost protein, 0.1 mM ouabain, 100 mM NaCl, 20 mM KCl, 6 mM MgCl~2~, 30 mM imidazole-HCl pH 7.0, 0.5 mM EDTA, 0.6 mM NADH, 1 mM pyruvate enol phosphate, excess pyruvate kinase-lactate dehydrogenase, 0.5 mM ATP, 0.5 mM EGTA and 4 μg/ml calmodulin. Then 10 μl of 8 mM CaCl~2~ was added and the total ATPase activity was determined. The difference between the total ATPase and the basal Mg^2+^ ATPase was the Ca^2+^--Mg^2+^ ATPase activity. Since light at 340 nm used for monitoring the reaction may cross-link the benzoyl phenylalanine (Bpa) derivatives of caloxin 1c2 to proteins, the Ca^2+^-Mg^2+^-ATPase assays using these compounds were performed by following the hydrolysis of \[^33^P\]-γ-ATP by modification of a procedure previously described \[[@b46]\]. In this procedure, Ca^2+^--Mg^2+^ ATPase is examined as hydrolysis of \[^33^P\]-γ-ATP by determining the amount of \[^33^P\]-inorganic phosphate formed by molybdate complex formation and phase partitioning. We considered the possibility that the peptide inhibitors may interfere in steps following the ATP hydrolysis. Therefore, after the hydrolysis step additional peptide was added to attain the same level in all the samples. Caloxin 1c2 and its derivatives, caloxin 1b1 and the random peptide RP1b1 were all dissolved at 25 mM in 10% ethanol and stored as aliquots at --80°C. The samples were diluted further without ethanol. Final ethanol concentration was the same in the samples.

Contractility studies
---------------------

Pig hearts were obtained from Maple Leaf Pork, Burlington, ON, Canada. Coronary arteries were dissected, de-endothelialized, cut into 3 mm wide rings and used for contractility studies in organ baths containing Krebs' solution (in mM NaCl 115.5; KCl 4.6; MgSO~4~ 1.2; NaH~2~PO~4~ 1.2; CaCl~2~ 2.5; NaHCO~3~ 22.0; D-glucose 11.1) bubbled with 95% oxygen and 5% carbon dioxide as described previously \[[@b49]\]. The rings under 3 g tension were contracted 2× with 60 mM KCl added to the Krebs' solution before use in any experiments. In one set of experiments the effect of caloxin 1c2 on basal tone was examined in normal Krebs' solution containing 100-μM L-nitroarginylmethyl ester (L-NAME). In another set of experiments, the tissues were Na^+^ loaded by incubation in K^+^-free (additional NaCl added instead of KCl) Ca^2+^-free (no CaCl~2~ plus 0.1 mM EGTA) solution, treated with 100-μM L-NAME and 30-μM cyclopiazonic acid (CPA) and then with or without 20-μM caloxin. Contraction was then monitored at specified Ca^2+^ concentrations.

Data analysis
-------------

For non-competitive inhibition in the presence of saturating substrates, v = Vmax/(1+\[I\]/Ki), here v is the reaction velocity obtained in the presence of the inhibitor concentration \[I\], Vmax is the velocity in the absence of the inhibitor and Ki is the inhibition constant. To compute values of Ki, for the non-competitive inhibition, the data were analyzed by non-linear regression according to the equation: percent inhibition = 100 ×\[inhibitor\]/(Ki +\[inhibitor\]). Curve fitting was carried out using FigP software (Ancaster, Canada). It is also deduced that for the fractional inhibition f (Vmax -- v)/Vmax (or percent inhibition if Vmax is taken to be 100), f + fKi/I = 1. Hence a plot of f/I *versus* f would be linear with the slope of --1/Ki. The initial data were also analyzed by linear regression using this equation. In contractility experiments, the force of contraction for each tissue was expressed as percent of the force obtained in the second KCl contraction. Statistical significance was determined using one-way ANOVA and Tukey-Kramer Multiple Comparisons Test using the software GraphPad Instat (SanDiego, USA) or Student\'s t-test when only two groups were compared. Values of *P* \< 0.05 were considered to be significant.

Results
=======

Construction and screening of phage display library of caloxin 1b1-like peptides
--------------------------------------------------------------------------------

We tested the hypothesis that altering 1, 2 or 3 residues in caloxin 1b1 may improve its affinity and isoform selectivity and yet maintain the ability to inhibit PMCA. Since we did not know which mutations would be most effective, we created a phage display library encoding caloxin 1b1-like peptides to screen for such peptides. The 12 amino acid sequence unique to caloxin 1b1 is TAWSEVLHLLSR \[[@b42]\]. We computed that an optimized library could be created to contain 76.1% phage-encoding peptides with 0, 1, 2, 3 or \>3 amino acid substitutions as described in the Experimental Methods. The constructed M13 KE library of caloxin 1b1-like peptides had a diversity of 7 × 10^5^ plaque-forming units (pfu). Sequencing 38 clones showed that there was no difference between the expected and the obtained frequencies of peptides with 0, 1, 2, 3 or \>3 amino acid substitutions ([Table 1](#tbl1){ref-type="table"}).

###### 

Characterization of caloxin 1b1-like library

  **Number of amino acid substitutions**   **Observed frequency**   **Expected frequency**
  ---------------------------------------- ------------------------ ------------------------
  0                                        5.3                      10
  1                                        23.7                     25.6
  2                                        28.9                     29.7
  3                                        23.7                     20.8
  \>3                                      18.4                     13.9

Note: The library was constructed with 91% of the original base and 3% of each of the other three in the caloxin 1b1-coding domain. A total of 38 clones were sequenced. The frequency values are given as percent of total. The chi-square value test showed that the distributions of the expected and the observed distributions are not significantly different (*P* \> 0.05).

The caloxin 1b1-like library was amplified once and then 2 × 10^8^ pfu were used for screening by four rounds of affinity chromatography with PMCA purified from human erythrocyte ghosts. The titre decreased after each round and 315 pfu remained at the end. Of these, 105 clones were sequenced and they encoded 33 different peptides. Frequencies of clones encoding key peptides are in [Table 2](#tbl2){ref-type="table"}. We also considered that there may be a bias in the library construction and amplification. For example, the library would contain approximately 2,000 times more copies of caloxin 1b1 than that of a phage encoding a given single species of peptide with three amino acid substitutions. Amplification efficiencies of individual phage clones may also be different. Therefore, to further select the phage on their ability to bind PMCA4, we allowed an equal amount of each of the 33 clones (10^6^ pfu total) to compete against each other for binding to PMCA4 in four rounds of affinity chromatography. This resulted in 450 pfu of which 48 clones were sequenced. Frequencies of the clones encoding key peptides are in [Table 2](#tbl2){ref-type="table"}. Three of the most frequent sequences in the final round after the competition were designated caloxin 1c1, 1c2 and 1c3. Probabilities of obtaining the observed frequencies purely by chance for the three peptides were less than 0.0005.

###### 

Percent frequencies of key sequences obtained during screening

  **Sequence**                  **Initial screening**   **After competition**
  ----------------------------- ----------------------- -----------------------
  TTWSEVVHRLSR -- caloxin 1c1   0.9                     35.4
  TAWSEVLDLLRR -- caloxin 1c2   24.6                    16.7
  ASWSEVLHLLSR -- caloxin 1c3   9.5                     14.6
  TAWSEVLHLLSR -- caloxin 1b1   20.8                    0
  ASWSDVLHLLSR                  7.6                     4.1
  TGWSEVLHLLSR                  4.8                     6.2
  TAWSDVLHLLSR                  3.8                     0

Note: A total of 105 clones were sequenced at the end of the initial four rounds of screening, and 48 clones were sequenced at the end of the four rounds of competition. The frequency values are given as percent of the number of clones sequenced at each step.

Inhibition of PMCA4 by caloxin 1b1 mutants
------------------------------------------

In the phage, the variable 12 amino acid sequence is followed by the amino acid sequence GGGSK and then the remainder of the gIII protein. Therefore, caloxins 1c1 (TTWSEVVHRLSRGGGSK-amide), 1c2 (TAWSEVLDLLRRGGGSK-amide) and 1c3 (ASWSEVLHLLSRGGGSK-amide) were synthesized. Difference in Mg^2+^--ATPase activity in erythrocyte ghosts (express mainly PMCA4) with and without Ca^2+^ was defined as the PMCA Ca^2+^--Mg^2+^--ATPase \[[@b42]\]. The assay solution contained inhibitors of SERCA (thapsigargin), Na^+^--K^+^--ATPase (ouabain) and mitochondrial Ca^2+^--ATPase (azide). As reported previously for caloxin 1b1, none of the peptides inhibited the ATP hydrolysis in the absence of Ca^2+^\[[@b42]\]. [Figure 1](#fig01){ref-type="fig"} shows the effects of the parent peptide caloxin 1b1, its randomized control peptide RP1b1 and the three mutant peptides. The control peptide RP1b1 had no effect on the PMCA Ca^2+^--Mg^2+^--ATPase activity. We have previously shown that caloxin inhibition is noncompetitive \[[@b50]\]. Therefore, the Ki values were determined at saturating substrate concentrations as described in the Methods. Using non-linear regression, the Ki values of the various caloxins were 1b1: 45 ± 4, 1c1: 20 ± 3, 1c2: 2.3 ± 0.3 and 1c3: 18 ± 3 μM. Analysis of the same data by linear regression as described in the Methods gave Ki values similar to those using non-linear regression: 1b1: 55 ±14, 1c1: 12 ± 3, 1c2: 2.0 ± 0.1 and 1c3: 20 ± 6 μM. In all subsequent experiments, only the non-linear regression was used. Thus, the selected caloxin 1b1-like mutants inhibited the erythrocyte ghost Ca^2+^--Mg^2+^--ATPase with greater affinity than that of the parent caloxin 1b1. Caloxin 1c2 had the highest affinity with its Ki value (2.3 ± 0.3 μM) being one-twentieth that of caloxin 1b1 (45 ± 4 μM).

![Inhibition of Ca^2+^--Mg^2+^--ATPase in human erythrocyte ghosts at different concentrations of caloxin 1b1 and its mutants 1c1, 1c2, 1c3. Each value is the mean from 3--4 measurements carried out on 2--4 different days. On each day, the mean value of the Ca^2+^--Mg^2+^--ATPase was taken as 100% to compute the percent inhibition.](jcmm0012-1049-f1){#fig01}

Inhibition of different PMCA isoforms by caloxin 1c2
----------------------------------------------------

Caloxin 1c2 was obtained by mutagenesis of caloxin 1b1, which had been selected with the extracellular domain 1a of PMCA4 (residues 115--131) as a target. However, sequences of the extracellular domain 1a between PMCA genes contain several similar residues but are not identical ([Fig. 2A](#fig02){ref-type="fig"}). Therefore, we compared the effects of caloxins 1b1 and 1c2 on the Ca^2+^--Mg^2+^--ATPase activities of PMCA1--4 ([Fig. 2B](#fig02){ref-type="fig"} and [Fig. 2C](#fig02){ref-type="fig"}). The values of Ki in μM for caloxin 1b1 were PMCA1 (105 ±11), PMCA2 (167 ±67), PMCA3 (274 ± 40) and PMCA4 (45 ± 4). Thus caloxin 1b1 inhibited PMCA4 with slightly higher affinity than for PMCA1, 2 or 3. In contrast, caloxin 1c2 had much greater selectivity for PMCA4: Ki in μM for caloxin 1c2 were: PMCA1 (21 ± 6), PMCA2 (40 ± 10), PMCA3 (67 ±8) and PMCA4 (2.3 ±0.3). Thus, when compared to caloxin 1b1, caloxin 1c2 had a much greater affinity and higher selectivity for PMCA4.

![Inhibition of PMCA1, 2, 3 and 4 Ca^2+^--Mg^2+^--ATPases by caloxins 1b1 (**B**) and 1c2 (**C**). Sequences of the extra-cellular domain 1a of PMCA4 that was used as synthetic target for screening are also compared with the domains 1a of PMCA1, 2 and 3 (**A**). Rabbit duodenal muscosal PM rich fraction was used as source of PMCA1, human erythrocyte ghosts as source of PMCA4 and microsomes from overexpressing insect cells sf9 for PMCA2 and 3. Each value is mean from 3--4 measurements carried out on 2--4 different days. On each day, the mean value of the Ca^2+^--Mg^2+^--ATPase was taken as 100% to compute the percent inhibition.](jcmm0012-1049-f2){#fig02}

Caloxin 1c2 inhibition of PMCA in erythrocyte ghosts of different species
-------------------------------------------------------------------------

The sequence of the extracellular domain 1 differs slightly between human, pig and rabbit. Therefore, we tested the inhibition of PMCA Ca^2+^--Mg^2+^--ATPase in the erythrocyte ghosts from these species ([Fig. 3](#fig03){ref-type="fig"}). Caloxin 1c2 inhibited the Ca^2+^--Mg^2+^--ATPase with similar Ki values (in μM) in erythrocyte ghosts from human (2.3 ± 0.3), pig (2.6 ± 0.6) and rabbit (2.73 ± 0.5) (*P* \> 0.05). Thus, caloxin 1c2 can be used for experiments in various species.

![Caloxin 1c2 inhibition of PMCA Ca^2+^--Mg^2+^--ATPase in erythrocyte ghosts from different species.](jcmm0012-1049-f3){#fig03}

Roles of different residues in 1c2
----------------------------------

The first two and the last five residues vary between caloxins 1b1, 1c1, 1c2 and 1c3 ([Table 2](#tbl2){ref-type="table"}). Caloxin 1b1 contained WSEVL at residues 3--7. This sequence or its conservative substitutions WS(E/D)V(L/V) appeared at this location in 88% of the clones in the initial screening and in 96% of the clones after the competition. Caloxins 1b1, 1c1, 1c2 and 1c3 all contained the moiety WS(E/D)V(L/V). The residue W was present in position 3 in sequences of 95% of the clones obtained after the first rounds of screening and 100% of those after the competition.

The residue benzoylphenylalanine (Bpa) has been used in the literature as a conservative change for W \[[@b51]\]. To further investigate the role of the moiety WS(E/D)V(L/V) and that of the C-terminal end added to the variable sequence (TAWSEVLDLLRR) of 1c2, we synthesized two additional peptides:

3Bpa1c2biotin (TA\[Bpa\]SEVLDLLRRGGGSK (biotin)-amide) and 16Bpa1c2biotin (TAWSEVLDLL-RRGGG\[Bpa\]K\[biotin\]-amide). If the C-terminal domain were to play a role in the inhibition, the 16Bpa substitution and the change in the positive charge of K at 17 by adding biotin to the epsilon amino group would result in weaker inhibition by the 16Bpa1c2biotin. However, if the moiety WS(E/D)-V(L/V) were to be key to the inhibition, 3Bpa1c2biotin would be a weak inhibitor. The effects of both the derivatives were examined on the human erythrocyte ghost Ca^2+^--Mg^2+^--ATPase as the Ca^2+^-stimulated hydrolysis of \[^33^P\]-γ-ATP ([Fig. 4](#fig04){ref-type="fig"}). The Ki value for 16Bpa1c2biotin derivative (5.1 ± 0.8 μM) was only slightly greater than that of caloxin 1c2 (2.3 ± 0.3 μM). Thus the substitution of 16S with Bpa and biotinylation of K altered the PMCA inhibition only marginally, consistent with these residues being outside the selected 12 amino acid domain of caloxin 1c2. In contrast, the Ki value for the 3Bpa1c2biotin (50 ± 6 μM) was much greater. This experiment confirmed the hypothesis that the moiety WS(E/D)-V(L/V) in caloxin 1b1 and its mutants is important in inhibiting PMCA4 Ca^2+^--Mg^2+^--ATPase. This observation may be useful in further studies on caloxin 1c2-membrane interactions.

![Inhibition of PMCA Ca^2+^--Mg^2+^--ATPase in human erythrocyte ghosts by caloxin 1c2 derivatives.](jcmm0012-1049-f4){#fig04}

Effects of caloxin 1c2 on coronary artery smooth muscle contractility
---------------------------------------------------------------------

We next examined the effects of 0, 10, 20 and 50 μM caloxin 1c2 on basal tone of de-endothelialized coronary artery \[[@b42]\]. The final ethanol concentration in all the four groups was 0.01%. Time course of the tone development was examined (data not shown). There was no significant effect of caloxin 1c2 within 2 min. Only 20 and 50 μM caloxin 1c2 gave an increase after 5 min, whereas 10 μM caloxin 1c2 also gave a significant increase after 10 min. At all the three caloxin 1c2 concentrations, the caloxin induced increase in basal tone leveled off after 20 min at 2--3% of the maximum response obtained with 60 mM KCl ([Fig. 5](#fig05){ref-type="fig"}). A multiple comparison test using one way-ANOVA negated the hypothesis that the differences in contraction in 0, 10, 20 and 50 μM caloxin 1c2 were purely due to chance (*P*= 0.0015). In a Tukey--Kramer multiple comparison test, q values of greater than 3.807 would indicate that a group differed from another comparison group. In this test there was significant difference between control tissues and those challenged with 10 (q = 4.085, *P* \< 0.05), 20 (q = 5.235, *P* \< 0.05) and 50 (q = 4.156, *P* \< 0.05) μM caloxin 1c2. Furthermore, there was no significant difference between tissues treated with 10 or 20 (q = 1.435, *P* \> 0.05), 10 or 50 (q = 0.7679, *P* \> 0.05) and 20 or 50 (q = 0.5133, *P* \> 0.05) μM caloxin 1c2.

![Effect of caloxin 1c2 on basal tone of coronary artery. De-endothelialized coronary artery rings were contracted in 60 mM KCl, washed in Krebs\'solution and incubated in this solution containing 100 μM L-NAME for 1 hr and then 0, 10, 20 or 50 μM caloxin 1c2 was added. An increase in contraction in 20 min after addition of the caloxin 1c2 was determined as mN/mg tissue weight. The values are mean ± SEM of 18, 12, 7 and 7 replicates for 0, 10, 20 or 50 μM caloxin 1c2, respectively.](jcmm0012-1049-f5){#fig05}

We also examined the effect of caloxin 1c2 on de-endothelialized coronary artery rings, which were Na^+^-loaded and SERCA was inhibited with CPA. Incubating smooth muscle in K^+^-free Krebs' solution Na^+^ loads the smooth muscle tissues that contract in presence of Ca^2+^\[[@b49]\]. Depending on the Na^+^ and Ca^2+^ electrochemical gradients, NCX can operate in forward mode (Ca^2+^ extrusion) or in reverse mode (Ca^2+^ entry). In the Na^+^-loaded cells, NCX would only allow Ca^2+^ entry into the cell but not Ca^2+^ extrusion. Thus, PMCA would be the only system that could lower cytosolic Ca^2+^ levels. We incubated the tissues in K^+^-free and Ca^2+^-free Krebs' solution, and added CPA to inhibit SERCA. The force of contraction increased in all the tissues when Ca^2+^ concentration in the medium was increased. However, at 0.05 mM extracellular Ca^2+^, tissues in caloxin 1c2 showed significantly greater force of contraction (*P*= 0.019) than the control tissues ([Fig. 6](#fig06){ref-type="fig"}). Caloxin 1c2 did not affect the force of contraction at 0.1 (*P*= 0.2267) and 1.6 (*P*= 0.4717) mM extracellular Ca^2+^. Thus, caloxin 1c2 increased Ca^2+^ sensitivity of the tissues when they were Na^+^-loaded and SERCA was inhibited. However, the maximum force of contraction was not altered.

![Effect of caloxin 1c2 on contraction of Na^+^ loaded coronary artery smooth muscle. (**A**) Representative trac-ings. De-endothelialized coronary artery rings were contracted in 60 mM KCl, washed in Krebs' solution and then Na^+^-loaded by incubation in K^+^-free Ca^2+^-free solution for 45 min and then 100 μM L-NAME and 30 μM CPA were added and after another 45 min 20 μM calox-in 1c2 was added to some tissues and equal amount of ethanol to the control tissues. After another 15 min, CaCl~2~ was added to obtain the specified concentrations of free Ca^2+^ compensating for the EGTA present previously. Contraction of each artery was expressed as percent of that obtained with 60 mM KCl. The contraction bar indicates a force of contraction 20% of that obtained with 60 mM KCl.(**B**) A histogram comparing the force of contraction obtained at 50, 100 and 1600 μM Ca^2+^. The values are mean ± SEM of 11 replicates.](jcmm0012-1049-f6){#fig06}

Discussion
==========

The Results show that creating and screening a calox-in 1b1-like library yielded the mutant 1c2 with a greater affinity for PMCA and selectivity for PMCA4 over other PMCA isoforms. An analysis of structural features of caloxin 1c2 is presented. Finally, caloxin 1c2 affects coronary contractility. Discussion will focus on the methods used, interpretation of the results and potential utility of the PMCA4 selective caloxin.

The first reported caloxin was 2a1. It had a Ki of \>500 μM and has proved useful in studies on PMCA in various tissues \[[@b11]\]. Caloxin 1b1 was obtained by an improved screening procedure and had a 10 × higher affinity than caloxin 2a1 and it was slightly selective for PMCA4 \[[@b42]\]. Here, the key concept in the use of the caloxin 1b1-like library was that limited mutagenesis could be used to select peptides that retain the ability to inhibit PMCA but have greater affinity and isoform selectivity than the parent peptide. This concept was validated by obtaining caloxin 1c2 by screening a phage display library of caloxin 1b1-like peptides. Caloxin 1c2 has a 200x and 20x higher affinity than caloxins 2a1 and 1b1, respectively. Even though phage display was used in this work, the concepts and methods developed here would be equally applicable to other screening methods. The algorithm was written for a specific peptide of 12 amino acid residues but it can be used for any peptides, which are 12 amino acids long or shorter. The code for the Macro written in Microsoft Office Excel can be obtained by writing to the authors.

We have previously proposed that due to low capacity, small co-operativity to Ca^2+^, low Km for MgATP^2−^, broad pH profile and less sensitivity to reactive oxygen, PMCA may be important in intracellular Ca^2+^ homeostasis \[[@b58]\]. However, coronary artery smooth muscle expresses PMCA4 and PMCA1 \[[@b26]\]. However, it is not clear if they both play a similar role in Ca^2+^ homeostasis. The Ki values of caloxin 1c2 are 2.3 ± 0.3 μM for PMCA4 and 21 ± 6 μM for PMCA1. Thus, at 10 μM it would inhibit mainly PMCA4 and at 50 μM it would inhibit both. A slight increase in tone observed with caloxin 1c2 is consistent with the role of PMCA in Ca^2+^ homeostasis. The caloxin-induced increase in tone developed slower at 10 μM caloxin 1c2 than at the higher concentrations suggesting a slow diffusion of this large molecule (approximately 2 kD) in the tissue. The small effect of caloxin 1c2 on the tone is unlikely to be due to proteolysis since after 20 min, different concentrations (10, 20 or 50 μM) of caloxin 1c2 caused a similar increase. These data suggest that PMCA4 is involved in the control of basal tone. However, this result needs to be confirmed using a PMCA1 selective caloxin, which is yet to be invented.

We also examined the effects of caloxin 1c2 in Na^+^-loaded tissues in presence of CPA. The idea was to determine the role of PMCA in Ca^2+^ extrusion under the conditions in which SERCA pump and NCX-mediated Ca^2+^ extrusion are inhibited. There are no selective inhibitors for NCX-mediated Ca^2+^ extrusion that can be added extracellularly. Amiloride derivatives and KB-R7943 have multiple effects, SEA 0400 can inhibit only NCX-mediated Ca^2+^ entry and XIP acts cytoplasmically and does not enter the cells when added extracellularly \[[@b59]\]. In tissues containing low extracellular Na^+^ or high intracellular Na^+^, the NCX-mediated Ca^2+^ entry occurs but not the NCX-mediated Ca^2+^ extrusion. However, intracellular acidosis occurs when coronary artery smooth muscle cells are placed in solution containing low extracellular Na^+^\[[@b60]\]. Therefore, we examined the effects of caloxin 1c2 in Na^+^-loaded tissues in presence of CPA. The results showed that caloxin 1c2 increased the contraction at 0.05 mM extracellular Ca^2+^ but not at 0.1 and 1.6 mM. These results are consistent with the role of PMCA in Ca^2+^ extrusion and also with PMCA being a low capacity Ca^2+^ extrusion system.

Caloxin 1c2 is a novel inhibitor, which is selective for PMCA4 over PMCA1, 2 and 3. Using this inhibitor we have reported the role of PMCA4 in coronary artery contractility. This work, however, presents further questions concerning the roles of PMCA4 in nNOS activation and interactions between SERCA and NCX and PMCA. Furthermore, large and small coronary arteries show different responses to various agents and their SERCA content \[[@b61]\]. Caloxin 1c2 provides a tool to dissect the role of PMCA4 in these tissues. Caloxin 1c2 may also provide a tool to examine the roles of PMCA4 present in different cell types and/or in specific organelles such as lipid rafts or caveolae. Based on work with transgenic mice, PMCA4 plays a role in sperm motility \[[@b32]\]. Caloxin 1c2 would allow a further examination of this issue.
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Bpa

:   benzoyl phenylalanine

caloxin

:   a substance that binds the PM Ca^2+^ pump on its external surface and modulates its activity

\[Ca^2+^\]i

:   cytosolic \[Ca^2+^\]

CPA

:   cyclopiazonic acid

EDTA

:   ethylenediamine tetra-acetic acid

EGTA

:   ethylene glycol-bis(β -aminoethyl ether)-N,N,N,′N,′-tetraacetic acid

HEPES

:   N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid

L-NAME

:   L-nitroarginylmethyl ester

NCX

:   Na^+^-Ca^2+^-exchanger

PM

:   plasma membrane

PMCA

:   PM Ca^2+^ pump

NO

:   nitric oxide

pfu

:   plaque forming units

SERCA

:   sarco/endoplasmic reticulum Ca^2+^ pump

[^1]: Note: The library was constructed with 91% of the original base and 3% of each of the other three in the caloxin 1b1-coding domain. A total of 38 clones were sequenced. The frequency values are given as percent of total. The chi-square value test showed that the distributions of the expected and the observed distributions are not significantly different (*P* \> 0.05).
